Monopoles in High Temperature Phase of SU(2) QCD 
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We investigated a behavior of monopole currents in the high temperature phase of abelian projected finite 
temperature SU(2) QCD in maximally abelian gauge. Wrapped monopole currents which are closed by periodic 
boundary play an important role for the spatial string tension. And the wrapped monopole current density seems 
to be non-vanishing in the continuum limit. These results may be related to Polyakov's analysis of the confinement 
mechanism using monopole gas in 3-dimensional SU(2) gauge theory with Higgs fields. 
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1. Introduction 

A characteristic feature of finite temperature 
QCD is the deconfinement phase transition and 
the string tension which is the most important 
quantity for quark confinement vanishes at the 
critical temperature. However, there are some 
non-perturbative quantities even in the high tem- 
perature ( deconfinement ) phase of QCD. The 
spatial string tension is known to be such a non- 
perturbative quantity. This quantity is the string 
tension extracted from space-like Wilson loops. 
The spatial string tension is non-vanishing even 
in the high temperature phase. 

This property in the high temperature phase 
may be understood by dimensional reduction [1]. 
4-dimensional QCD at high temperature limit can 
be regarded as an effective 3-dimensional QCD 
with Higgs fields. The effective theory has con- 
finement features. The string tension in this ef- 
fective theory may be the spatial string tension 
in 4-dimensional QCD. The relation between the 
spatial string tension and that of the effective the- 
ory is confirmed using Monte-Carlo simulations 
[2, 3]. The spatial string tension show the scaling 
behavior obtained from the effective theory 



(X gHT)T, 
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where ag is the spatial string tension. g(T) is 
4-dimensional coupling constant. 

On the other hand, the study of topological 
quantities ( monopole, instanton, ...) is impor- 
tant. Many people believe that the dual Meiss- 
ner effect due to condensation of color magnetic 
monopoles is the color confinement mechanism in 
QCD [4, 5]. Polyakov showed that the confine- 



ment features of 3-dimensional SU(2) gauge the- 
ory with Higgs fields is explained by monopole 
gas ( 3-dimensional instanton ) analytically [6]. 

Last year, we studied the contribution of the 
monopole to the string tension in abelian pro- 
jected SU(2) QCD in maximally abelian gauge, 
and found the following results [7]. 

1. Both the physical and the spatial string ten- 
sion can almost be explained by monopoles 
alone. 

2. A long monopole loop is important for the 
physical string tension. 

3. The physical string tension and the long 
monopole loop disappear at the same tem- 
perature ( Tc ). 

4. In the high temperature phase, the total 
monopole number is small. 

These results suggest that the important 
monopole loops are different in the cases of the 
spatial string tension and the physical one, and 
the spatial string tension is produced by small 
number of monopoles. 

The aim of this report is to find what kind 
of monopole produces the spatial string tension 
in the high temperature phase of 4-dimensional 
QCD, and to study the relation to the Polyakov's 
monopole gas in the continuum theory. 

2. Wrapped monopole loop and spatial 
string tension 

In 3-dimensional SU(2) gauge theory with 
Higgs fields, monopole gas produces the string 
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tension. When we consider dimensional reduc- 
tion in 4-dimensional SU(2) gauge theory, static 
monopole loops correspond to monopole gas in 3- 
dimensional effective theory. The static monopole 
loops are closed by periodic boundary in the time 
direction. We call these loops wrapped monopole 
loops. 

Since the temperature is the inverse of the lat- 
tice size of the time direction, the monopole cur- 
rents may become easier to wrap by the periodic 
boundary as the temperature becomes higher. It 
may be related to the scaling behavior of the spa- 
tial string tension, which becomes larger as the 
temperature rises. 

In order to know if the cause of the spa- 
tial string tension at high temperature is the 
monopole gas in the 3-dimensional theory, we 
checked two points. (1) Do only the wrapped 
monopole loops produce the spatial string ten- 
sion? (2) How is the temperature dependence 
of the wrapped monopole current density? Does 
this value remain non-vanishing in the continuum 
limit? 

An abelian theory is extracted by abelian pro- 
jection [8, 9]. The partial gauge fixing is done in 
the maximally abelian gauge. An abelian link 
field u{s,ijl) is extracted from the gauge fixed 
SU(2) link variable U{s,ijl) as follows: 

U{s,^) = c{s,^)u{s,^), (2) 

«(«'/^) = e-'''-(^) ) ' 

where Ofj_{s) is the abelian gauge field. The 
monopole current k^{s) is defined as 

kii{s) = {l/4:Tr)e^ai3-fdaQj3-fis) (4) 

Qii^(s) = 6^i.(s) -I- 27rn^^(s) 

(-TT < < TT, n^^ : integer) 

following Degrand-Toussaint [10]. 

We defined wrapping number of every cluster 
of connected monopole currents as follows: 

(wrapping number) = — ^4(5), (5) 

N-f; ^ 

{cluster} 



where X]{ciuster} nreans summing up in a cluster, 
Ni is the lattice size of the time direction. If a 
monopole current belongs to a cluster which has 
non-zero wrapping number, we regarded it as the 
wrapped monopole current. 

3. Wrapped monopole contribution to the 
spatial string tension 

We studied the wrapped monopole contribu- 
tion to the spatial string tension in the high tem- 
perature phase. We considered the monopole 
contribution to the Wilson loop as discussed in 
[11, 12]. First, we extracted abelian component 
by performing abelian projection in the maxi- 
mally abelian gauge. In this gauge, the spa- 
tial string tension can be reproduced by residual 
abelian link variables. Next, we decomposed the 
abelian Wilson loop W, which is the Wilson loop 
composed of abelian link variables, into two parts 
Wi ( photon part ), W2 ( monopole part ) as fol- 
lows: 

W =exp{iJ20,(s)J,(s)} (6) 
W=Wi-W2 (7) 
Wi =exp{-i J2 d'^^As)D{s - s')J,{s')] 

W2=ey.Y>{2T:iY^kp{s)D{s-s)K„pp„daMp„{s)}, 

where D{s — s') is the lattice Coulomb propaga- 
tor. Jfi(s) is an external current corresponding to 
the Wilson loop and M^y(s) is an antisymmetric 
variable taking ±1 on a surface with the Wilson 
loop boundary as Jy(s) = (9jJ,M^y(s). Notice that 
we can see that a time-like monopole (^4) such as 
the static monopole does not affect the physical 
string tension and contributes only to the spatial 
one as seen from this equation. 

The monopole contribution in deconfinement 
phase is a little bit lower than the full one, but it 
almost reproduce the behavior of the full one in 
the maximally abelian gauge [7]. 

Here, we calculated the wrapped monopole 
contribution and the non-wrapped monopole con- 
tribution to the spatial string tension separately 
in the high temperature phase. 

We performed Monte-Carlo simulations on 
243 X Nt lattices, Nt = {2,4,6,8}, at /3 = 
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{2.30,2.51,2.74} which are the critical /3 for = 
{4,8,16} respectively. Measurements were done 
every 50 sweeps after a thermalization of 2000 
sweeps. We took 50 configurations for measure- 
ments. The data are plotted in Fig. 1. 

These data show that the spatial string tension 
from the wrapped monopole is almost the same as 
that from total monopole loops and that the non- 
wrapped loops do not contribute to the spatial 
string tension. 
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Figure 1. The full spatial string tension (cir- 
cle), the total monopole contribution (cross), the 
wrapped monopole contribution (square) and the 
non- wrapped monopole contribution (triangle). 
The full one is cited from [2] 



4. Scaling behavior of wrapped monopole 
density 

If the wrapped monopole produces the spa- 
tial string tension in the continuum limit, the 
wrapped monopole density must remain non- 
vanishing in the continuum limit. The monopole 
density p(T) on a lattice of size X Nt defined 



P(T) 
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Here a is the lattice spacing. Considering the re- 
lation between the temperature and the lattice 
size: #(a = we can rewrite the monopole den- 
sity as follows: 



P(T) 



mm 
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where is the critical temperature. N^^ is the 
critical lattice size at every /3. 

We measured the temperature dependence and 
the l3 dependence of the total monopole den- 
sity and the wrapped monopole density vary- 
ing both l3 and Nt on 24^ x Nt lattices. (/3 = 
{2.30,2.51,2.74}, Nt = {2,4,6,8,12}) 

The data of total and wrapped monopole den- 
sities are shown in Fig. 2 and in Fig. 3. 

The total monopole density dose not show good 
scaling behavior. It depends not only on T but 
also on l3. On the other hand, the wrapped 
monopole density in the high temperature phase 
is independent of /3, and seems to remain in the 
continuum limit. The wrapped monopole density 
seems to be proportional to at high tempera- 
ture. 

5. Conclusions and Discussion 

We found the following results by the numerical 
studies of Monte-Carlo simulations. The spatial 
string tension can almost be reproduced by the 
wrapped monopole loops closed by the periodic 
boundary in the time direction in the high tem- 
perature phase. The wrapped monopole density 
is independent of /3 and remains in the contin- 
uum limit. Moreover the scaling behavior of this 
value is similar to that of the spatial string ten- 
sion. These results suggest that the spatial string 
tension at high temperature is produced by the 
monopole gas in the effective 3-dimensional the- 
ory. 

In Polyakov's analytical calculation, it is es- 
sential that the Higgs field has non-zero expec- 
tation value. On the other hand, the study of 
the scaling behavior of the spatial string tension 
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Figure 2. The temperature dependence of the 
total monopole density at /3 = 2.30 (circle), [3 = 
2.51 (square) and [3 = 2.74 (triangle) on Nt = 
2,4,6,8 and 12 lattices respectively. 
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Figure 3. The temperature dependence of the 
wrapped monopole density at /3 = 2.30 (circle), 
l3 = 2.51 (square) and /3 = 2.74 (triangle) on 
Ni = 2, 4, 6, 8 and 12 lattices respectively. 



[2, 3] suggested that the Higgs-sector in dimen- 
sionally reduced QCD does not contribute signif- 
icantly to the spatial string tension. We expect 
that the monopole gas can be discussed with- 
out the expectation value of the Higgs fields as 
we are discussing the monopole currents in 4- 
dimensional QCD without Higgs fields. Although 
we do not know if the Higgs field in the effective 
3-dimensional theory has non-vanishing vacuum 
expectation value, these results suggest that the 
spatial string tension has a close relation to the 
monopole gas. 
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